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Properties of Aqueous Mixtures of Pure Salts.
Thermodynamics of the Ternary System:
Water-Calcium Chloride-Magnesium Chloride at 25 °C
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Isopicatic yapor preasure meastirements have been made on the system water-caleium chlvride-
wmagnesiom chloride at 25 *C. Activity coeficiants have been ayaluated for each salt in the presence
of 1the other in aysteme of conatant total ionice strength.  The excess free energy of mixing has been
ealculated and compared with the values for analogons systems.
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1. Introduction

The chemical potentials of each solute in an aqueous
mixture of twa electrolytes have been determined for
many systems. For example, the activity coeflicients
of both hydrochloric acid and sodium chloride in mixed
asgueous solution have been derived from emf measure-
ments [11.! The isopiestic vapor pressure method has
been wsed [2] to determine the activity coefhicients of
each solute in aqueous mixtures of sodium chloride
and potassinm chloride. These are two examples of
mixtures of uniunivalent electrolytes but considerahble
work haz been done with mixtures of 1:1 and 1:2
electrolytes. For example, the systems water-hydro-
chlotic acid-barium chloride and water-hydrochloric
acid-strontium chlotide have been studied by the emf
method [3] as have the systems water-hydrochloric
acid-calcium chloride and water-hydrochlorie acid-
manganous chloride [4], while the isopiestic method
has been applied to the systems water-sodium chloride-
barium chioride [5] and water-potassium chloride-
barium chloride [6]. The emf method has been
adapted [7] to give trace activity coefficients for the
aystem water-hydrochlorie acid-calcium perchlorate,
a ‘trace’ activity coefficient being the limiting value
of the acjivity coefhicient of one salt in a solotion where
its eoncentration is vanishingly small and the selution
contains virtually only the other salt.

The sodium-sensitive glass electrode has been used
[8] to study the systems water-sodium chloride-alka-
line earth metal chloride,. However, there appears to
be no case cited in the literatore in which solations of
two biunivalent elecirolytes have heen siudied. We
now present data for one system of this type, water-
calcium chloride-magnesium chloride.

* Fiurer in bricketn indicate the Eiermiore refecsoces ot the end of tkin paper.
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2. Definitions

is the molality (moles per kilogram of solvent}
of a solution containing only ealeium chloride;
it is the molality of the *reference’ solution from
which isopiestic data are calewlated.

is the molality of a solution containing only
magnesivm  chloride, in  jsopiestic (vapor-
phase) equilibrivm with the calcium chloride
solurion of molality M 5.

are the molalities of caleium chloride and
magnesium chloride, respectively, in a solu-
tion containing both these salis and in iso-
piestic equilibrium with the ealcium chloride
solution of molality My and the magnesium
chloride solution of molality M.

M sfime+ me} is the jsopiestic ratio.

mef{ma—+ mc), the ionic fraction, is the fraction
of magnesiurn chloride in the mixture of cal-
cium chloride and magnesium chloride.
titg+ R,

is the (molal) activity coefiicient of caleium
chloride in the reference solution of molality
Mg in equilibrinm with the solwtion contain-
ing hoth calcium chleride and magnesivm
chloride.

ia the activity coefficient of magnesiom
chloride at molality M¢ in equiliboum with
the reference solution of caleium chioride of
molality My.

are the activity coeficients of calcium chloride
and magnesium chloride, respectively, in the
mixed soloticn, at molajities my and mg.

is the achivity coefficient of calcium chloride
in a solution containing calcium chloride only
at the same total jomic strength f=3me+3
mip as the mixed solution. 5 is the activity




coefiicient of magnesium chloride in itz own
solution at this total jonic strength.

¥ is the osmatic coefficient of calcium chioride
in its own splution.

3. Method

The result of an isopiestic vapor pressure experi-
ment is the knowledge that a set of sclutions of known
composition have the same water activity, ew.  What
is needed are the activity coefficients of the two salts
in the mixed solution. This 12 accomplished by means
of the McKay-Perring equation [9):

M,
Inys=!aTs+ In R+ .L " fim, Mp, y) M) {1}

where
_1 ¢ am i 1,
f{m,MaﬁJ’(‘}_m:(ﬂ lnj,-’c)"wm Hﬂ {2}

If the isopiestic ratio, R = Mpim, can be expressed as:
R=1—ay. — by, (3}

the integral reduces to
T
b (b1 dbtag).

4, Materials

Calcium chloride was prepared from calcium car-
bonate and hydrochloric acid and recrystallized three
times from water slightly acidified with hydrochloric
acid. Magnesium chlotide was a commercial material,
also recrystallized three times from slightly ecidified
waler,

Each salt was dissolved to make a stock solution
whose composition was determined by eoulometric
titration [10].2 The stock solutions were mixed in
suitable proporctions 10 give a senes of mixed solotions
of known concentrations of calcium chloride and mag-
nesium chloride. The solutions were equilibrated in
an isopiestic apparatus in a thermostat at 25 = (.01 *C,
The time of equilibration varied from three daye for
the more concentrated solutions to seven days lor the
more dilute. The concentrations of the solmiona at
equilibtium were calculated from the loss or gain of
water in each solution.

5. Resulis

The isopiestic data are given in table 1.  The second
column gives the molality (M g} of the reference calcium

* The analynen were made by George Marmeshs of ithe Analyain snd Purifcation Seciion.
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solutions. The data were therefore fitted to eq (3)
by the method of leasi squares. The last column of
table I gives values of the isopiestic ratio calculated
by eq (3} with the parameters given in table 2.

-

Q1 - -

&, Colculations of Activity Coefficients b

The application of eq (1) requires a knowledge of
three quantities. Tp (or I¢ in the corresponding

uation for ¥ can be oblained direcly from tables

of the activity coefficient of calcium chloride {or mag:
nesmm chloride) in its own solution [11] The iso-
piestic ratio, K. has already been recorded in table L
It is in the evnluaunn of the integral in aq (1) that some
difficulty is encountered. Figure 2 iz a plot of biMs
againat {Ms¢), omitting the point at M, =1.3142 which
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iz badly off the curve. This is not surprising for
accurate isopiestic results are difficult to obtain at low
concentrations. The curve drawn in figure 2 is that
of the equation:

&M =0.0066— 0.00144 (M )+ 0000084 (Mo (4)

30 that the integral in eq (1) is given by:
FHM o) 110066 — 0.00072 (Myp) + 0.000028 (Mep)®]
o)

or, multiplying by 0.4343 if eq {1} is to be used with
decadie logarithms;

¥H(Mp2)[0.0029 — 0.00031 (M )+ 0.000012 (Mpe)?],
{6)

The maximum value of this integral which will be used
is at yp=1, Mz=4.1183, {Myp}=9 177. The integral
then has the valee 0, 0096 which is mych smaller than
the other term, log K =0.0356.

The calculation of activity coeficients in mixed salt
solutions may be illustrated as follows. One resudt
from set 8 in table 1 concerns a reference sclution of
caleium chloride of molality M= 2.6919. The value
of log s for caleium chloride in ite own solution at
this concentration is 0.0820. This solution was in
izopiestic equilibrium with a mixed solution containing
calcium chloride at molality mz=04020 and mag-
nestum chloride a1 molality m-=2.1294; the total
molality of the solution was m= 25314 with
v =0.8412. The isopiestic ratio for this solution was
found to be R=1.0631 or log R=0.0266. Suhstity-
tion gives 0.0076 y2 =0.0054 as the contribution of
the integral term in eq (1). Hence we find log s
=01140. We have now found the activity soefficient
of calcium chloride in a mixed solution of total molality
m=25314. But log v, for calcium chlovide alone
in its own soluton at this concentration is 0.0355 and
therefore log yefyy is 0.0785. Making similar ealcufa-
tions for all the solutiona in this set of data, we get
the results shown in table 3. Figore 3 is a plot of log
¥sfyy against m, from which it can be seen that a
straight line represents the variation of log va/y2 very
well, The last column of table 3 gives values obtained
by means of the equation

log ys=log v +0.0366 mc. in

E":lw agreement is good and it follows that Harned's
e

log yu=1log vz —asmc i8)

holds with ap=—00366. An equally good straight
line plot is obtained for the variation of log ¢ with
ma,

log ye=log yo— acma

with a;=0.0331.

%
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Harned's rule, however, is usually applied to sys-
terns at constant total jonic strength, §=3me+ 3m.
=3m, and inspection of table 3 shows that = is not
quite cohstant, varying from 25076 te 2.6614. It
will be shown fater that ay varies only slowly with m,
and the slight departure from exact constancy of the
total ionjc strength is without appreciable effect on
the value of ax.

Similar calculations of the values of &g and o have
been made for the other sets of results in table 1.
These values are given in table 4 along with values of
{ox=+act. These values are also ploted in figure 4.
If 1the behavior of this system were more complicated
than that represented by &q (8) and &g (9, for example,
if

egme— Fpmf

acmg— Bemj

log ys=log ¥ — {10

log ye=ilog ¥¢ — (11)

there is a relation between these « and 8 coefficients.
We developed a general form of this relation in the
appendix to a previous paper [5]; for a system of the
calcipm chloride-magnesinm chloride type this takes
the form

(s + o) = constamt — 2{Ae + Acim.

O = —

log rgMvg

o ] |
7] ! ]
my

Ficuex 3. Fariction gmmm@‘cﬂmm chiaride
on addition of pogmesinm chipride My = 22538
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Tanlk 3. Falues of the perometers on and ae of eq (B and =g (9
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Thus the sum {(cg+ ) is independent of the total
molality only if either both 8r and Sc are zero or else
Bs and B¢ are equal and opposite in sign. Inspection
of figure 4 shows that {as~+op) does v slightly
with the total molality; thiz variatien ce ac-
counted for by ascribing a value of —0.0006 1o (8a
+8c) or —0.0003 vo both 8y and 8c. This would

mean a slight curvature in Ggure 3 but it is 30 small
that it would be difficult to detect experimentaily.
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The faet that & is oumerically positive means that
log yc decreases on the replacement of magneaium
chloride by calcium chloride at constant total molality.
Conversely, bog va increases when caleium chloride
is replaced by magnesium chloride at constant total
molality. For example, the activity coefficient of
magnesium chloride in its own solution at 4 m is 5.53:
in a solution containing 2 m magnezinm chloride and
2 m caleium chloride it is 4.67 and in the limiting case
where magnesium chloride ia presemt in vanishingly
small amount in 4 m calcium chloride solution i ia
393. The acuvity coefficient of caleium chloride
in jts own solition at ¢ m is 2.93; ih a solubon con-
taining 2 m magnesivm chloride and 2 m calcium
chloride it is 3.48 and the ‘trace’ activity coefficient
in 4 m magnesium chloride aolution is 4.13 {hg. 5
Thuz the trace aclivity coefficients, the activily coef-
ficient of one salt when the othet preponderates in
concentration, are almost the same, 393 for mag
nezium chloride and 4.13 for calcium chloride. The
same is true at other concemtrations. At a total
molality of m=2, the activity cocfficient of magnesium
chloride, 1.051, is lowered 1o 0.915, the ‘trace’ activity
coefiicient in 2 m caleium chloride aolution. On the
contrary, the activity coefficient of caleium chloride,
which is 0.792 in its own solution, ia raised to 0.924
it 2 m magnesjum chloride solution. The correspond-
ing changes at 0.3 m are from 0.476 to 0.469 for
magnesiom chloride and from 0.455 to 0464 for
caleium chloride.

0.8 J I T
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Ficuae 5. Activity cosfficients of cefeium chloride and magnesium
chloride in mized aquesns selution of comsiant bl woric con-
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7. Excess Free Energy of Mixing

If a solution of ysm moles of caleium chloride in
vz kg of water is mixed with a selution of yem moles of
magnesinum chloride in y¢ kg of water, the resulting
solution will consist of yam moles of caleium chloride
and yzm moles of magnesium chloride in a kilogram of
water. There will be no change in total molality, m,
during the process of mixing The change in free
energy during the mixing proceas will contzin an
entropy term of the form 3 RTm[ys In v+ ¥c In yc],
an expression which appears even if all three solu-
tions are ideal. It is therefore ignored in calculating
the excess free energy of mixing: the excess iree energy
ig that due to departures from ideality of both solvent
and solutes. A general equation for thiz excess free
energy of mixing has been developed in the appendix
to an earlier paper [6] which, for the calcium chloride-
magnesinm chlaride syatem, takes the form

AGF

m=—% - mamdog -+ o, (12)

The maximum excess free energy is found when ms
=mc="05 m, yg=ye=0.3,

ACE max}

RT =—[. 8635 m{os+ o).

{13)

Some values of the excess free epergy of mixing (in
calories per kilogram of water, 1 cal=4.1840) are as
Folloows:

m 5 L0 15 20 25 30 35 40
AGE{max) 1 2 4 &6 & 7 6 0

These are remarkably small values. The value at
=32, m=1, 2 cal per kg of water, can be compared
with — 73, — 35, and —17 cal per kg of water for the
systema  water-hydrochloric  acid-barium  chloride,
water-potassium chloride-barinm chlovide, and water-
sodium chloride-barium chloride, respectively [6]
It also compares with 79 cal per kg of water for the
system water-hydrochloric acid-sodium chioride [1]
and — 34 cal per kg of water for the system water-
hydrochlorie acid-potassinm chloride [12].

8. Vapor Pressure of Mixed Solutions

It has been shown [13] that in many instences the
vapor pressure lowering of a mixed solution can be
compounded additively from the vapor pressure low-
erngs of the single salt solutivns. For a system of
the caleium chloride-magnesium chlotide 1ype, the
variation in g, with change in composition at constant
total ionic strength is given by [6]:

127.82 log 0w =127.82 log oy, + 3asm®yc

—3 (aut ooyt —34pe— ot (34— 224} 1g)

where gy (=p/p%) is the water activity of the mixed
solotion and @y, that of a spluticn containing calcium

chloride only at the same total molality .

If Ap = B =10,
127.82 log 0,0 = 127.82 log ay,, + Ssmeyc.

- g (as+acdmh: (15

and if oz =— g,

127.82 log aw=127.82 log dua +3aam’yc_ (15)

Thus, log a, will be a linear function of yr and a.
(=pip® will be very nearly a linear function of ve.
The additivity of vapor pressure lowerings is, there-
fore, to be sought in systems in which s = —o.
Inspection of table 4 shows that this is very nearly
true for the system ecaloium chloride-magresinm
chloride. Ope example will illusteate this. From
the known osmotic coefficients of calciom chloride
golutions [11], it can he calculated that for a salution
of concentration 4.1220 m, ay=0.60836. From set
12 of 1able I we see that this solution had the same
water activity as a mixed solution of wme= 23804,
o= 1,008, m=39842, yo=04003. For this mixed
solution, therefore, (p* —pip*=0.34634 and (p*—p)
=0303 mm Hg. In the same way we calculate that
for a solution of calcivum chloride only at this sotal
molality, 3.9842 m, a»—=10.62598 and the vapor pres.
sure lowering per mole is {p°—p)fm=2230 mm Hg
We might then expect.caleium chloride at molality
mz=2.3894 to contribute 5,328 mm Hg to the vapor
pressure lowering of the mixed soluton. For a
solation of magnesium chloride only at molality
35842 m, we calevlate 2.=0.58212 and (p"—p)im
=249] mm Hg =o that we would expeet magnesiom
chloride at molality me= 138 to contribute 3.973
mm Hg to the vapor pressure lowering of the mixed
solution. The som of the two contributions, 9.301
mim Hg, is in very good agreement with the observed
valoe of 9.303 mm Hg,

9. Summary

The behavior of the sysiem calcium chloride-mag-
nesinm chloride is cemparatively simple. At constant
total ignic strength, the logarithm of the activity co-
efficient of either salt is, to a close approximation, &
linear function of the conceniration -:F the other salt.
This is also true for the chemical potential of each salt.
The activity coefficient of magnesium chloride is
decreased by the addition of ¢alcium chloride and,
eonversely, the activity coefficient of calcium chloride
is increased by the addition of magnesium chlovide.
The *‘trace” activity coefficient of each aalt in almost
the same. This behavior is illustraled in figure 5 for
a syslem at a constant total ionic strength of =12,

no




The Harned ws and a¢ coeflicients, which express
the relation between log ¥ for one salt and the con-
centration of the other salt, are almost equal in magni-
tude but opposite in i Coneeguently, the excess
free energy of mixing%e system is very small and,
moreover, the vapor pressure lowering of the mixed
aplution can be compounded almost additively from
the wapor presauve ﬁ‘werings of the separate salt
solutions.

Gratefnl acknowledgment is made to the Office of
Sz]rill:e Warer for a grant in partial support of this
wark.

{Paper TOA4—305)

in

10. References

(1] H. §. Hamed, J. Phys. Chem. 63, 1295 {1950},
[2] H. A. Robiosom, I, Phys, Chem. 65, 662 {1961)
3] H. 5. Harned and K. Gary, [ Am. Chem, Soc. 76, 5924 (1954).
4] A. K. Covington, [. Chem. Soc. {London) 4906 (1965L
[5]1 B. A. Robinaon and ¥. E, Bower, . Bzs. NES 494 (Phys. and
Chem.) No. 1, 19 (19651,
[6] R. A. Robinson and V. E. Bower, ). Res. NBS 694 (Phys, and
Chem.) No. 5, 439 (1065).
I. M. 5tokes amd K. H. Stokes, J. Phys. Chem. 67, 24486 (1963).
E. D. Lanier, ). Phys. Chem. 69, 3992 {1965).
9] H. A. C. McKay and J. K. Perning, Traos. Faraday Soo. 849,
163 {19531

[19] G. Marinenke and 1. K. Tayks, 1. Res. NBS 67TA (Phys. and
Chem.) No. 1, 31 (1963;,

[11]. K. A Eohingen and B. R Stokes, Electrolyte Solutiome, pp.
478457, 2d ed., (Butterworths Seientific Publcaisonn,
London, 1953,

[12] H. & Hamed, I, Phys. Chem. &4, 112 (190,

[13] B. A_ Raobinson and ¥. E. Bower, ). Rea. NES 694 (Phys. and
Chezn) No. 4, 365 (1965




